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MI CROMECHANI CAL OPTICAL SWITCH 

CROSS REFERENCE TO RELATED APPLICATIONS 

This application is a continuation of Application 
Serial No. 10/644,721, by Mohammed N. Islam et al , filed 
August 20, 2003, entitled "Micromechanical Optical 
5 Switch." Application Serial No. 10/644,721 is a 

continuation of Application Serial No. 10/227,055, by 
Mohammed N. Islam et al , filed August 22, 2 002, entitled 
"Micromechanical Optical Switch," now U.S. Patent No. 
6,654,157. U.S. Patent No. 6,654,157 is a divisional of 

10 Application Serial No. 10/131,744, by Mohammed N. Islam 
et al, filed April 22, 2002, entitled "Micromechanical 
Optical Switch," now U.S. Patent No. 6,611,366. U.S. 
Patent No. 6,611,366 is a continuation, of- Application 
Serial No. 09/631,276, by Mohammed N. Islam et al , filed 

15 August 1, 2 000, and entitled "Micromechanical Optical 
Switch," now U.S. Patent No. 6,407,851. 



TECHNICAL FIELD OF THE INVENTION 
20 This invention relates in general to the field of 

electro-optical systems and more particularly to an 
improved optical switch element and methods of forming 
and using the element . 
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BACKGROUND OF THE INVENTION 

The ability to transmit information in the optical 
domain has greatly enhanced the speed and bandwidth of 



5 selectively route logical signals that are transmitted in 
the optical domain has restricted the ability of network 
designers to accomplish data communications solely in the 



routed or switched it must first be converted into 

10 electrical signals which can be logically processed using 
conventional electrical digital computing systems. 

There have been a number of attempts to create a 
workable optical switch architecture which allows for the 
selective routing of light beams carrying data 

15 communications. Some of these solutions have involved 
the formation of micromechanical structures using 
semiconductor processing techniques. These 

micromechanical structures typically do not provide 
suitable speed or reliability for cost-effective 

2 0 commercial applications. For example, many 

micromechanical structures suffer from air damping 
effects, which increase the required drive voltage and 
slow the operation of the device. In addition, these 
devices have not been tunable to optimize switching 

2 5 speeds according to common packet sizes encountered by 
the switch. 



data communicat ions . 



In comparison, the inability to 



optical domain. 



Accordingly, before a signal can be 
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SUMMARY OF THE INVENTION 

Accordingly, a need has arisen for an improved 
optical switching element and optical switching system 
that comprises a structure that can be reliably 
5 fabricated and that will operate at switching speeds 
associated with optical data communications. 

According to the teachings of the present invention, 
a micromechanical optical switch element is provided that 
substantially eliminates or reduces problems associated 
10 with prior systems. 

In accordance with one embodiment of the present 
invention an optical switch element comprises a fixed 
layer disposed outwardly from a substrate and a movable 
mirror assembly disposed outwardly from the fixed layer. 
15 The moveable mirror assembly is operable to move relative 
to the fixed layer responsive to a voltage applied to the 
movable mirror assembly. In one embodiment, the movable 
mirror assembly includes an inner strip spaced apart from 
the fixed layer by a first distance and an outer strip 

2 0 disposed approximately adjacent to the inner strip and 

spaced apart from the fixed layer by a second distance 
which is greater than the first distance. The optical 
transmission of the optical switch element changes 
depending on the position of the movable mirror assembly. 
25 In accordance with another embodiment of the present 

invention, an optical switch element comprises a fixed 
mirror layer disposed outwardly from a substrate, and a 
movable mirror assembly comprising an inner mirror strip 
and an outer mirror strip disposed approximately adjacent 

3 0 to and outwardly from the inner mirror strip. In a 

particular embodiment, the fixed mirror layer and the 
movable mirror assembly define a Fabry- Perot interference 
cavity, wherein the movable mirror assembly is operable 
to move with respect to the fixed mirror layer to change 
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the reflective or transmissive qualities of the switch 
element . 

In accordance with another embodiment of the present 
invention, an optical switch element comprises a fixed 
5 layer disposed outwardly from a substrate, and a unitary 
movable mirror assembly disposed outwardly from the fixed 
layer and forming with the fixed layer an optical cavity. 
The moveable mirror assembly is operable to move relative 
to the fixed layer in response to a voltage applied to 

10 the moveable mirror assembly to affect a change in the 
transmissive characteristics of the optical cavity. The 
optical switch element is operable to switch between a 
substantially transmissive state and a less than 
substantially transmissive state at a rate optimized for 

15 a specified packet size. 

According to yet another aspect of the invention, a 
method of forming an optical switch comprises forming a 
fixed layer outwardly from a substrate and forming a 
movable mirror assembly outwardly from the fixed layer. 

2 0 In a particular embodiment, the movable mirror assembly 
comprises an inner strip disposed outwardly from the 
fixed layer by a first distance and an outer strip 
disposed approximately adjacent to the inner strip and 
spaced apart from the fixed layer by a second distance 

25 which is greater than the first distance. The optical 
transmission of the optical switch element changes 
depending on the position of the movable mirror assembly. 

According to still another aspect of the invention, 
a method of communicating optical signals comprises 

30 receiving an optical signal at an optical switch element 
having a fixed layer and a moveable mirror assembly 
disposed outwardly from the fixed layer. In one 

embodiment, the moveable mirror assembly includes an 
inner strip spaced apart from the fixed layer by a first 

35 distance and an outer strip disposed approximately 



ATTORNEY DOCKET NUMBER 
074036 . 0134 



PATENT APPLICATION 



adjacent to the inner strip and spaced apart from the 
fixed layer by a second distance which is greater than 
the first distance. The method further comprises 

applying a voltage to the moveable mirror assembly to 
5 change its position relative to the fixed layer and cause 
a change in the optical transmission of the optical 
switch element. 

In accordance with another embodiment of the present 
invention, an optical switch includes a Mach-Zender 

10 interferometer comprising an optical switch element 
having a fixed layer disposed outwardly from a substrate, 
and a movable mirror assembly disposed outwardly from the 
fixed layer and operable to move relative to the fixed 
layer responsive to a voltage applied to the movable 

15 mirror assembly. In a particular embodiment, the movable 
mirror assembly comprises an inner strip spaced apart 
from the fixed layer by a first distance; and an outer 
strip disposed approximately adjacent to the inner strip 
and spaced apart from the fixed layer by a second 

20 distance which is greater than the first distance. The 
optical transmission of the optical switch element 
changes depending on the position of the movable mirror 
assembly. 

In accordance with yet another embodiment of the 
25 invention, an optical switch comprises a pair of 
collimating lens each having a central axis and each 
coupled to a fiber so that the axis of each collimating 
lens is at least partially offset from the axis of the 
fiber. The switch further comprises an optical switch 
30 element disposed between the collimating lenses along the 
central axis of the fiber and spaced from each of the 
lenses by approximately a focal length of the respective 
lens, wherein the optical switch element is operable to 
receive optical signals from one collimating lens and to 
35 either transmits those signals to the other collimating 
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lens or to reflect those signals depending on the 
position of a moveable mirror assembly relative to a 
fixed layer within the switch element. 

In still another embodiment of the present 
5 invention, an optical switch, comprises a first optical 
switch element operable to receive an optical signal and 
a second optical switch element operable to receive an 
optical signal, the second optical switch element coupled 
to the first optical switch element over a first mode. 

10 The first and second optical switch elements coupled to a 
single mode fiber wherein the first mode at least 
partially overlaps the mode of the single mode fiber so 
that optical signals from the first and second switch 
element couple to the fiber only when the first and 

15 second switch elements are substantially in phase with 
one another . 

According to another aspect of the invention, an 
electro-optic router operable to receive and switch a 
plurality of optical signals, the router comprises a 
20 fiber optic tap operable to receive an optical signal and 
to separate the optical signal into a first signal 
portion and a second signal portion. The router further 
comprises a delay line operable to receive the first 
signal portion and to delay transmission of the first 

2 5 signal portion until the second signal portion has been 

processed, and an electronic processor, operable to 
receive the second signal portion, and to perform 
electronic processing on the second signal portion. The 
router still further comprises an array of optical switch 

3 0 elements operable to receive the first and second signal 

portions and to perform an optical switching operation on 
the first and second signal portions. 

In another aspect of the invention, an electro-optic 
router is operable to receive a plurality of optical 
35 signals and to switch the optical signals using an array 



ATTORNEY DOCKET NUMBER 
074036.0134 



PATENT APPLICATION 



of optical switch elements. At least one of the optical 
switch elements comprises a fixed layer disposed 
outwardly from a substrate and a movable mirror assembly 
disposed outwardly from the fixed layer and operable to 
5 move relative to the fixed layer responsive to a voltage 
applied to the movable mirror assembly. In a particular 
embodiment, the movable mirror assembly comprises an 
inner strip spaced apart from the fixed layer by a first 
distance and an outer strip disposed approximately 

10 adjacent to the inner strip and spaced apart from the 
fixed layer by a second distance which is greater than 
the first distance, wherein the optical transmission of 
the optical switch element changes depending on the 
position of the movable mirror assembly. 

15 In still another aspect of the invention, a fault 

tolerant network comprises an ingress access node 
operable to receive an optical signal from a network 
element external to the fault tolerant network. The 
fault tolerant network further comprises a fault tolerant 

2 0 node operable to receive the optical signal from the 
ingress access node and to perform a switching operation 
on the optical signal depending on a voltage applied to 
an optical switch element within the fault tolerant node, 
wherein the fault tolerant node allows transmission of 

25 the optical signal when no voltage is applied to the 
switching element . 
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BRIEF DESCRIPTION OF THE DRAWINGS 

A more complete understanding of the present 
invention may be acquired by referring to the 
accompanying figures wherein like reference numbers 
5 indicate like features and wherein: 

FIGURES 1A through IE are greatly enlarged 
cross-sectional elevational ' diagrams illustrating a 
method of formation and the operation of an optical 
switching element constructed according to the teachings 
10 of the present invention; 

FIGURE 2 is a greatly enlarged perspective 
illustration of a portion of an optical switching element 
constructed according to the teachings of the present 
invention; 

15 FIGURE 3 is a greatly enlarged cross-sectional 

elevational diagram illustrating another embodiment of an 
optical switching element constructed according to the 
present invention; 

FIGURE 4 is a greatly enlarged cross-sectional 
20 elevational diagram illustrating still another embodiment 
of an optical switching element constructed according to 
the present invention; 

FIGURE 5 is a greatly enlarged planar diagram of an 
optical switching element constructed according to the 
25 teachings of the present invention; 

FIGURES 6A and 6B are schematic block diagrams of 
switching systems, which may be constructed according to 
the teachings of the present invention; 

FIGURES 7A-7C are block diagrams showing various 2x2 
30 switch configurations constructed according to the 
teachings of the present invention; 

FIGURE 8 is a block diagram of an exemplary 
electro-optic router constructed according to the 
teachings of the present invention; and 
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FIGURE 9 is a block diagram showing an exemplary 
fault tolerant network constructed according to the 
teachings of the present invention. 
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DETAILED DESCRIPTION OF THE INVENTION 

The optical switching element of the present 
invention is formed on an outer surface of a substrate 10 
shown in FIGURE 1A. Substrate 10 may comprise, for 
5 example, n-type silicon or indium phosphide. As will be 
described herein, in one mode of operation, it is 
advantageous if the substrate is optically transmissive 
in the wavelength range of the optical signal to be 
switched by the element. To facilitate that mode of 

10 operation, in a particular embodiment, a single 
crystalline silicon substrate can be manufactured so that 
it is optically transmissive in the range of wavelengths 
between approximately 1,300 to approximately 1,700 
nanometers with an optimal transmissive wavelength of 

15 approximately 1,500 nanometers. 

Referring again to FIGURE 1A, an antiref lective 
layer 12 is deposited or grown on an outer surface of the 
substrate 10. Ant iref lective layer 12 may comprise, for 
example, a layer of silicon nitride. In the illustrated 

2 0 embodiment, layer 14 is formed to be one -quarter 
wavelength in optical thickness. The optical thickness 
and physical thickness are related by the equation 

An 

where d is the physical thickness, n is the index of 
25 refraction of the material through which the light is 
passing, and A, is the wavelength of the light. For a 
optimum wavelength of 1.5 microns or 1,500 nanometers and 
a refractive index of silicon nitride which is equal to 
approximately 1.9 at this wavelength, the physical 
30 thickness of antiref lective layer 12 will be 
approximately 2,000 Angstroms. It is advantageous if the 
index of refraction of the substrate is approximately the 
square of the index of refraction of the material 
comprising antiref lective layer 12 . The effective 
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optical thickness of layer 12 can be tuned to more 
closely approximate one -quarter wavelength, for example, 
by changing the ratio of silicon and nitride during its 
formation or by changing the physical thickness of that 
5 layer. 

Other materials can be used to form the 
antiref lective layer 12. For example, layer 12 may 
comprise silicon dioxide or other suitable dielectric 
material or combination of materials. Although 

10 antiref lective layer 12 has been described as having an 
optical thickness of one-quarter wavelength, 

antiref lective layer 12 will operate adequately at an 
optical thickness of anywhere between one-eighth of the 
wavelength and three -eighths of the wavelength. 

15 Referring again to FIGURE 1A, a fixed layer 14 is 

formed outwardly from antiref lective layer 12. In a 
particular embodiment where fixed layer 14 will comprise 
part of a Fabry-Perot interference cavity, fixed layer 14 
comprises a fixed mirror layer formed from an at least 

20 partially reflective material. 

In one embodiment, fixed layer 14 may comprise, for 
example, polycrystalline silicon (polysilicon) which has 
been doped sufficiently to render it at least 
substantially conductive. Fixed layer 14 may be doped, 

25 for example, using phosphorous or other suitable dopant 
or dopants. Forming fixed layer 14 from polysilicon 
facilitates at least some transmission of optical signals 
incident on fixed layer 14 through substrate 10. This 
construction may be useful, for example, where element 10 

30 will be used as an optical switch operating in a 
pass-through mode. 

In an alternative embodiment, fixed layer 14 may be 
formed from a metal, such as gold or aluminum, which is 
substantially reflective of the incident optical signals. 

35 This embodiment could be useful, for example, in an 
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optical switch using a non-pass through mode. Where a 
metal is used to form fixed layer 14, a protective layer 
may be grown or deposited outwardly from fixed layer 14. 

In the illustrated embodiment, fixed layer 14 is 
5 also formed to an optical thickness of approximately 
one-quarter wavelength. Where fixed layer 14 is 

constructed to provide an optical thickness of 
approximately one-quarter wavelength, the physical 
thickness of fixed layer 14 will be on the order of 1,000 

10 Angstroms. The relatively smaller physical thickness of 
fixed layer 14 results from the relatively larger index 
of refraction of silicon, which is typically on the order 
of 3.5. Although not shown in the cross- section 

illustrated in FIGURE 1A, suitable polysilicon conductive 

15 structures, bond pads, and other structures may be 
created so that a voltage signal can be applied to fixed 
layer 14 . 

Referring to FIGURE IB, a number of sacrificial 
layers are formed outwardly from fixed layer 14 to 

2 0 provide an interim substrate on which to form a movable 

outer mirror assembly. An inner sacrificial layer 16 is 
formed outwardly from fixed layer 14. Layer 16 may 
comprise, for example, silicon dioxide deposited to a 
depth that will eventually represent the spacing between 
25 fixed layer 14 and an inner strip portion of the movable 
mirror assembly. In a particular embodiment, this 

spacing defines an air gap on the order of one-half of a 
wavelength in thickness. 'Accordingly, for a 1.5 micron 
wavelength, the spacing should be on the order of 7,500 

3 0 Angstroms in depth. 

In an alternative embodiment, this air gap could be 
on the order of one full wavelength. This embodiment 
provides an advantage of ensuring that the upper mirror 
assembly 27 does not contact the fixed layer 14 when a 
35 voltage is applied between those layers. In that case, 
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inner sacrificial layer 16 should be formed to a depth of 
approximately 15,000 Angstroms for a 1.5 micron 
wavelength signal. In other embodiments, inner 

sacrificial layer 16 could be formed to any integer 
5 multiple number of one half wavelengths and remain within 
the scope of this invention. Protective pads, or stops, 
could also be formed outwardly from fixed layer 14 and 
inwardly from the movable mirror layer (to be later 
formed) to further protect against the moveable mirror 

10 assembly 27 contacting fixed layer 14 during operation. 

A median sacrificial layer 18 is formed on the outer 
surface of inner sacrificial oxide layer 16. Layer 18 
may comprise, for example, a layer of phosphosilicate 
glass deposited to a depth on the order of 5,000 

15 Angstroms. An outer sacrificial oxide layer 2 0 is formed 
on the outer surface of layer 18. Outer sacrificial 
oxide layer 20 may comprise, for example, a layer of 
silicon dioxide formed to a depth on the order of 2,500 
Angstroms . 

2 0 In the illustrated embodiment, dimensions of layers 

within the optical switching element are selected to 
provide light transmission through the optical switching 
element during a no-voltage condition. In this manner, 
the invention provides an advantage of facilitating 

25 signal passthrough upon an element failure. The 
illustrated embodiment facilitates this characteristic by 
forming inner sacrificial layer 16 to ultimately provide 
an air gap that is one half wavelength or an integer 
multiple of one-half of one wavelength of the optical 

30 signal received. 

In another embodiment, the optical switching element 
could be constructed to operate in a non- transmissive 
mode during a no-voltage condition. For example, inner 
sacrificial layer 16 can be formed to ultimately provide 
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an air gap comprising an odd integer multiple of 
one-quarter wavelengths of the optical signal. 

The structure formed by sacrificial layer 16, 18 and 

2 0 is patterned using conventional photolithographic 
5 techniques and etched using a suitable plasma assisted 

fluorine based etchant process to expose portions of the 
outer surface of layer 16. As a particular example, a 
hydrogen fluoride etchant may be used comprising 15 
milliliters of 49 percent hydrofluoric acid, 10 

10 milliliters of HN03 , and 300 milliliters of water. This 
reactant will result in an etch rate on the order of 128 
Angstroms per minute. In another example, a gas mixture 
for plasma etching may contain oxygen and 
trif luoromethane in a pressure ratio on the order of 

15 6:85. At an RF power of about 28 W, the plasma formed 
from this gas mixture etches 8% LTO at a rate approaching 

3 80 angstroms per minute. Other suitable etching 
procedures could be used without departing from the scope 
of the invention. 

2 0 The structure resulting from the etch process is 

shown in FIGURE IB. It should be noted that the 

differing properties of silicon dioxide and 
phosphosilicate glass result in an undercutting of layer 
18 resulting in extensions of layer 2 0 over and past the 
25 borders of layer 18. For example, phosphosilicate glass 
typically etches more quickly than silicone dioxide in 
the presence of a fluorine based etchant. By selecting 
appropriate materials, amounts, and locations for the 
sacrificial layers 16-20 as well as an appropriate 

3 0 etchant, etch rate, and temperature, the amount of 

undercut can be controlled. This undercutting is also 
shown in FIGURE IB. This undercut allows for the 
self-aligned formation of the outer movable mirror layer 
strips to occur relative to the inner strips described 
35 previously. The above-described process provides 
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efficiency advantages in manufacture by creating the 
resulting undercut structure using a single etch. 

Referring to FIGURE 1C, a movable mirror layer 22, 
which may comprise polysilicon doped with a sufficient 
5 amount of, for example, phosphorous to render it at least 
substantially conductive is formed outwardly from the 
exposed portions of layers 16 and 20. Movable mirror 
layer 22 is comprised of outer mirror strips, which are 
exemplified by strips 24a and 24b shown in FIGURE 1C and 

10 inner mirror strips, which are exemplified by inner 
mirror strips 2 6a and 2 6b shown in FIGURE 1C. In the 
illustrated embodiment, each of outer layer strips 24 and 
inner layer strips is formed to a depth on the order of 
1,000 Angstroms in thickness using the same processes as 

15 described with reference to fixed layer 14. 

On the periphery of the movable mirror layer 22, the 
layer 22 is anchored to the substrate by anchor portions 
28 and 30. It should be understood that anchor portions 
2 8 and 3 0 are shown in FIGURE ID solely for purposes of 

2 0 teaching the structure of the present invention. In 
actual construction, a strip is not anchored at its side 
as shown in Figure 1C but rather at its ends (not visible 
in cross-sectional view of FIGURES 1A-1E) . As such, 
anchors 28 and 3 0 are actually disposed on opposite ends 

25 of the strips as will be discussed and described with 
reference to FIGURE 2 herein. 

FIGURE ID illustrates the structure following the 
removal of the sacrificial layers 16, 18 and 20 using a 
suitable isotropic oxide etch. The removal of these 

30 layers results in a movable mirror assembly indicated 
generally at 27 comprising the outer and inner mirror 
strips 24a, 24b, and 26a and 26b, respectively. The 
movable mirror assembly 2 7 is operable to move relative 
to the outer surface of substrate 10 and especially the 

35 outer surface of the fixed layer 14 as shown in FIGURE 
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IE. In this manner, the distance between the fixed layer 
14 and the inner surface of the movable mirror strips 
24a-b and 26a-b changes. The change in the distance of 
this cavity changes the transmissive effects on light 
5 that is passing through the assembly 2 7 and the 
antiref lective layer 12 and the substrate 10. Where 
fixed layer 14 comprises a fixed mirror layer, the 
resulting interference structure is commonly referred to 
as a Fabry- Perot cavity. 

10 Throughout this document, the term "assembly" refers 

to two or more components that collectively form the 
assembly. Although a particular embodiment of a moveable 
mirror assembly has been described as comprising inner 
and outer strips separated from the fixed mirror layer by 

15 different distances, other configurations could be 
implemented without departing from the present invention. 
For example, the moveable mirror assembly could comprise 
a plurality of strips that are each a substantially equal 
distance from the fixed layer. 

20 In operation of the embodiment shown in FIGURE 1, 

there is an electrical connection to fixed layer 14 and 
movable mirror strips 24a-b and 2 6a-b. When a voltage is 
placed between fixed layer 14 and movable mirror layer 
22, the electrostatic force resulting from such a voltage 

25 causes movable mirror layer 22 to deform toward fixed 
layer 14 . This deformation causes the transmissive 
quality of the entire structure to change. For example, 
in the illustrated embodiment, structures have been 
formed to provide an approximately one wave length air gap 

3 0 between fixed layer 14 and inner strips 2 6a-b, so that 
the device transmits the optical signal when no voltage 
is applied. When a voltage is applied and movable mirror 
assembly 27 is pulled toward fixed mirror assembly 14 by 
approximately one-quarter of a wavelength, it creates a 

35 destructive interference effect, reducing the 
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transmission through the optical element. It should be 
understood that deformation by a distance equal to any- 
odd multiple of one-quarter of a wavelength will have the 
same interference effect. 
5 In a particular embodiment, the movement of the 

moveable mirror assembly is unitary. In this document, 
the term "unitary" describes a movement in which all of 
the components operable to move in response to a 
triggering event move when any of those components move. 

10 In the particular embodiment implementing a moveable 
mirror assembly comprising inner and outer strips, the 
moveable mirror assembly may undergo a unitary movement 
causing the inner and outer strips to move substantially 
in unison. In other embodiments, the components of the 

15 moveable mirror assembly may move independent from one 
another. 

Although the embodiment depicted in FIGURE .IE shows 
deformation of movable mirror assembly 27 toward fixed 
layer 14, alternative structures could be formed to 
2 0 deform movable mirror assembly 27 away from fixed layer 
14, creating a similar optical effect. Details of one 
possible alternate structure for accomplishing this mode 
of operation will be described below with respect to 
FIGURE 4. 

2 5 As discussed above, the optical device shown in 

FIGURES 1A-1E could alternatively be constructed to 
inhibit light transmission during a non-voltage state. 
For example, the air gap between inner and outer strips 
26 and 24 could comprise an odd integer multiple of one 

3 0 quarter wavelengths, causing destructive interference in 

the optical cavity during a no-voltage state. In that 
case, when a voltage is applied to movable mirror 
assembly 27 causing it to move relative to fixed layer 14 
by one-quarter wavelength, or an odd multiple of 
35 one-quarter wavelengths, the light incident on the 
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optical element will experience positive interference and 
be transmitted during an on-voltage state. 

Because of the self-aligned formation of inner 
mirror strips 2 6 and the spacing between inner mirror 
5 strips 26 and the outer mirror strips 24, movable mirror 
layer 22 is optically equivalent to a smooth planar 
mirror surface when viewed from a direction perpendicular 
to the outer surface of the mirror. For example, 
providing a spacing of an integer multiple of one-half 

10 wavelength between the inner and outer movable mirror 
layers makes the staggered mirror assembly appear to be a 
continuous mirror from above. As such, the gaps 32, 
which help control air damping of the movement of 
assembly 27, are provided without substantially affecting 

15 the optical characteristics of the device. In a 

particular embodiment, the dimensions of air gaps 32 can 
be specified to provide a desired level of air damping. 
This may, for example, provide an additional mechanism 
for controlling the switching speed of the device. 

2 0 The staggered structure formed by outer mirror 

strips 24 and inner mirror strips 2 6 results in exhaust 
gaps indicated at 32 in FIGURE IE. Exhaust gaps 32 allow 
for air within the optical cavity to be expelled when 
movable mirror layer 22 is deformed relative to fixed 
25 layer 14. If the gaps 32 were not present the movement 
of the movable mirror layer 22 would be dampened by the 
presence of air within the cavity. In the illustrated 
embodiment, the invention facilitates control of damping 
effects using exhaust gaps 32, without substantially 

3 0 affecting the optics of the device. 

FIGURE 2 is a perspective illustration which shows 
the actual placement of anchors 2 8 and 3 0 at the ends of 
an outer mirror strip 24 and an inner mirror strip 26. 
FIGURE 2 also illustrates the positioning within the 
35 structure of the cross-section which was illustrated with 
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reference to FIGURES 1A through IE previously. It should 
be noted that FIGURE 2 shows only a portion of the 
optical switch element. The outer and inner mirror 
strips 24 and 26, respectively, extend the length of the 
5 device and have anchor bodies (not explicitly shown) such 
as anchor bodies 2 8 and 3 0 on either end of each strip. 

FIGURE 3 is a greatly enlarged cross-sectional block 
diagram of another embodiment of an optical switch 100 
constructed according to the teachings ' of the present 

10 invention. In this embodiment, the optical element 100 
includes an anti-reflective layer 112 disposed outwardly 
from a substrate 110. Anti-reflective layer 112 is 
similar in structure and function to anti-reflective 
layer 12 discussed with reference to FIGURE 1. 

15 Optical element 100 further includes a fixed layer 

stack 119 disposed outwardly from anti -reflective layer 
112. Fixed layer stack 119 is similar in function to 
fixed layer 14 of FIGURE 1. However, rather than 
implementing only a single fixed layer, fixed layer stack 

20 119 utilizes multiple alternating layers of polysilicon 
and dielectric material. In this example, fixed layer 
stack 119 includes an interstitial fixed layer 115 
disposed between a first fixed layer 114 and a second 
fixed layer 117. Additional alternating layers could be 

25 added without departing from the scope of the invention. 
Using one or more multilayer stacks to form fixed layer 
stack 119 provides an advantage of increasing the 
reflectivity of the assembly 119. This, in turn, 

increases the contrast ratio of the transmissive state of 

30 element 100, allowing for a higher finesse optical 
cavity, particularly where the cavity is a Fabry-Perot 
cavity. 

In this example, first and second fixed layers 114 
and 117 each have optical thicknesses of approximately 
35 one quarter wavelength of the optical signal to be 



/ 
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switched. As a particular example, each of first and 
second fixed layers 114 and 117 could comprise 
approximately 1000 Angstroms of polysilicon doped 
sufficiently to render them at least substantially 
5 conductive. Interstitial fixed layer 115 could comprises 
approximately 2000 Angstroms of silicon nitride. 

Optical device 100 further includes a movable mirror 
assembly 122 disposed outwardly from fixed layer stack 
119. Movable mirror assembly 122 includes inner strips 

10 126 and outer strips 124. In the illustrated embodiment, 
each inner strip 12 6 includes an inner polysilicon layer 
130, an interstitial layer 132 disposed outwardly from 
inner polysilicon layer 130, and an outer polysilicon 
layer 134 disposed outwardly from interstitial layer 132. 

15 Polysilicon layers 130 and 134 may each comprise, for 
example, polysilicon that has been doped sufficiently to 
render it at least substantially conductive. Art- 
appropriate dopant may comprise, for example, 
phosphorous . 

2 0 Interstitial layer 132 may comprise, for example, 

silicon nitride or other suitable dielectric material or 
combination of materials. In the example shown in FIGURE 
3, outer strip 124 includes an inner polysilicon layer 
140, an interstitial layer 142 disposed outwardly from 
25 inner polysilicon layer 140, and an outer polysilicon 
layer 144 disposed outwardly from interstitial layer 142. 
Layers 140-144 of outer strip 124 in this example are 
similar in structure and function to layers 130-134, 
respectively, of inner strip 126, For example, layers 

3 0 14 0 and 14 4 may comprise doped polysilicon and 

interstitial layer 142 may comprise silicon nitride. 

In this example, each of layers 130-134 and 140-144 
is formed to provide an optical thickness of one -quarter 
of a wavelength of the optical signal received by element 
35 100. In this example, polysilicon layers 130, 134, 140, 
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and 144 each comprises approximately 1000 Angstroms. 
Interstitial layers 132 and 142 each comprises 
approximately 2000 Angstroms of silicon nitride. 
Although the illustrated embodiment shows a moveable 
5 mirror assembly having a stack of three alternating 
polysilicon and interstitial layers, additional 
alternating layers of polysilicon and dielectric material 
could be used without departing from the scope of the 
invention. Like the multi -layer stacks used to form 

10 fixed layer stack 119, the multilayer stacks forming 
strips 124 and 126 provide increased reflectivity, better 
contrast ratios, and a higher finesse optical cavity. 

FIGURE 4 is a greatly enlarged cross-sectional 
elevational diagram illustrating another embodiment of an 

15 optical switching element 200 constructed according to 
the teachings of the present invention. Element 2 00 is 
similar in structure and function to element 100 shown in 
FIGURE 3. Element 200 shown in FIGURE 4 includes an inner 
fixed layer 214 disposed outwardly from an 

20 anti-reflective layer 212 and a substrate 210. Element 
200 also includes a movable mirror assembly 222 disposed 
outwardly from inner fixed layer 214. Movable mirror 
assembly 222 includes one or more inner strips 226 and 
one or more outer strips 224. In this embodiment, inner 

25 strip 226 comprises a thickness dl and outer strip 224 
comprises a thickness d2 . In this example, the thickness 
dl of inner strip 22 6 is greater than thickness d2 of 
outer strip 224. By using different thicknesses for the 
inner and outer strips of movable mirror assembly 224, 

3 0 the contrast ratio of the device can be improved. 
Although the illustrated embodiment shows thickness dl of 
inner strip 226 as being greater than thickness d2 of 
outer layer 224, the thickness d2 of outer strip 224 
could be greater than thickness dl of inner strip 226. 
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In this particular embodiment, element 200 includes 
an outer fixed layer 23 0 disposed outwardly from moveable 
mirror assembly 222. Second fixed layer 230 can be 
formed, for example, with polysilicon formed to a 
5 thickness of approximately one quarter wavelength of the 
optical signal received. Second fixed layer 230 may be 
doped to render it at least substantially conductive. 
Outer fixed layer 23 0 is separated from moveable mirror 
assembly 222 by an air gap of one half wavelength of the 

10 optical signal received. The air gap could alternatively 
comprise any integer multiple of signal wavelengths. 
Providing an air gap of one full wavelength provides an 
advantage of ensuring that the moveable mirror assembly 
222 will not contact the outer fixed layer 230 during 

15 operation. 

In operation of this embodiment, a voltage can be 
applied between moveable mirror assembly 222 and outer 
fixed layer 230. This voltage causes moveable mirror 
assembly 222 to deform toward outer fixed layer 230 and 

20 away from inner fixed layer 214, which changes the 
transmissive or reflective characteristics of the device. 
For example, the air gaps and layer thicknesses can be 
selected to provide a substantially transmissive state 
when no voltage is applied between moveable mirror 

25 assembly and outer fixed layer, and a less than 
substantially transmissive state when a voltage is 
applied between those layers. 

In a particular embodiment, a first voltage may be 
applied between moveable mirror assembly 222 and outer 

30 fixed layer 230 to cause moveable mirror assembly 222 to 
deform away from inner fixed * layer 222 . At an 

appropriate time, and a second voltage can be applied 
between moveable mirror assembly 222 and inner fixed 
layer 214 to cause moveable mirror assembly 222 to deform 

35 toward inner fixed layer 214. Through a suitable 
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combination of alternating voltage applications, optical 
element 200 can be forced to switch between substantially 
transmissive and less transmissive states. Using 
alternating voltages to switch the optical 
5 characteristics of the device can result in even faster 
switching rates than single voltage approaches. 

The present invention contemplates the use of some, 
all, or none of the above described features of stacked 
fixed and mirror layers, inner and outer moveable mirror 

10 layers, varying strip thicknesses, and inner and outer 
fixed layers. An optical switch element within the scope 
of this invention could be constructed using any 
combination of some, all, or none of these particular 
characteristics . 

15 FIGURE 5 illustrates a planar view of one possible 

embodiment of an optical switching element. The element 
comprises a plurality of strips that are alternatively 
inner and outer mirror strips such as strips 24 and 2 6 
discussed previously. In this particular example, the 

2 0 element is approximately square and on the order of 100 
to 500 microns on a side. FIGURE 5 also illustrates the 
placement of an optical beam indicated at 34 in FIGURE 5. 
A typical optical beam will be approximately 100 to 150 
microns in diameter. The element indicated at 3 6 in 

25 FIGURE 5 is approximately twice the size on a side as the 
diameter of the beam 34. Accordingly, the length of each 
strip would be on the order of 100 to 500 microns in 
length. Further, if each strip is on the order of 2 
microns in width, there would be approximately 100 strips 

30 if the element 36 was 200 microns on a side. Although 
particular shapes and dimensions have been described with 
respect to the element shown in FIGURE 5, any of a 
variety of component configurations and dimensions could 
alternatively be implemented without departing from the 

35 scope of the invention. 
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The optical switching element of the present 
invention enjoys the benefit that the gaps 32 allow for 
extremely fast operation of the device while controlling 
air damping of the movement of the movable mirror layer 
22. Further, the fact that the movable mirror is formed 
in parallel offset strips provides for uniform voltage 
distribution across the entire element. The flow of 
energy as the voltage potential builds on the movable 
mirror layer is made a great deal more uniform by the 
parallel strips than it would be if the movable mirror 
layer was a single plate of conductive material. The 
movable mirror strips are formed so that they are under a 
preset amount of tension. The length of the strips, their 
thickness and width, can be kept small so that each strip 
has a very low individual mass. A strip that is under a 
large amount of tension and has a low mass will have a 
correspondingly higher resonant frequency. The speed at 
which the device operates is greatly enhanced by a high 
resonant frequency within the movable element. 

By appropriate selection of, for example, material 
type, amounts of materials, strip dimensions, and/or 
strip tension, the invention facilitates tuning of 
switching speeds to maximize switching efficiency. This 
can be extremely useful in tuning switching speeds to 
correspond to, for example, common information packet 
sizes . 

For example, the following table shows IP packet 
sizes in bytes and the total number of packets percent 
bytes during the years 1998 and 1999, 

PACKET SIZE TOTAL PACKETS TOTAL BYTES 



(IN BYTES) 



(%) 



(%) 



40 



38 . 9 



4 .4 



1,500 



11 . 5 



48 . 7 



552 



10.1 



15.8 
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44 6.1 0.8 

576 4.9 7.9 

This data shows that almost fifty percent of IP 
5 packets are between 40 and 44 bytes long. Assuming a 
data rate of 2.5 Gigabytes per second, switching these 
packets takes approximately 128 nanoseconds. Thus, for 
current packet sizes and data rates, a switching speed of 
approximately 100 nanoseconds is desirable. Existing 

10 switching technologies are either too expensive, or too 
slow for this application. For example, Lithium Niobate, 
semiconductor optical amplifiers, or electro-absorption 
modulators can switch in less than one nanosecond, a rate 
much faster than the optimal 100 nanosecond rate. These 

15 devices are prohibitively expensive, particularly when 
compared to the present invention. In addition, these 
devices tend to be polarization sensitive. Liquid 
crystal devices, thermo-optic devices, and 

micro-electro-optic switches using a single continuous 

2 0 membrane as a moveable mirror are capable of switching 
speeds of only up to one microsecond, too slow for 
optimal operation . 

The present invention facilitates tuning the optical 
switch element to provide a variety of switching speeds. 

25 In a particular embodiment, the switch element can be 
tuned to provide a switching speed commensurate with a 
specified packet size or range of packet sizes. For 
example, the switch element can be tuned to provide 
switching speeds commensurate with average packet sizes 

30 encountered by the switch element. The present invention 
facilitates switching speeds of up to 10 nanoseconds, and 
can be tuned to provide an optimum switching speed of, 
for example, approximately 100 to 300 nanoseconds. 

FIGURE 6A illustrates one architecture of an optical 

35 switching system that may utilize switching element 36 
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constructed according to the teachings of the present 
invention. FIGURE 6A illustrates a switching element 4 0 
which is placed at an angle to an optical beam 42 and 
which selectively directs optical beam 42 to a first 
5 receiver 44 or a second receiver 46 using the switching 
element 36. In the illustrated embodiment, when the 
switching element 3 6 is in its undeformed state the 
mirror strips 24 and 26 are in their furthest position 
from fixed layer 14. In this state, as described 

10 previously, the switching element 36 is optically 
transmissive and the beam 42 will pass through element 3 6 
and strike receiver 46. Optionally, a voltage can be 
placed between fixed layer 14 and movable mirror layer 22 
causing the movable mirror layer 22 to deform towards the 

15 fixed layer 14. In this state, element 36 will reflect 
optical beam 42 toward receiver 44. In this manner, the 
beam 42 can be switched between receiver 44 and 46. 

FIGURE 6B illustrates an additional embodiment of a 
switching system, indicated generally at 48, which also 

20 utilizes switching element 36. Switching system 48 

comprises a first receiver 50 and a second receiver 52 . 
Switching system 48 is. operable to switch an optical beam 
54 which first passes through a circulator system 56. 
Optical beam 54 then either reflects off of element 36 or 

25 passes through element 36 to receiver 52. If element 36 
is in its reflective, deformed state, optical beam 54 
returns to circulator 56 where the returning beam is 
directed towards receiver 50. Circulator system 56 is 
operable to receive and deflect any reflected signal. In 

30 this manner, system 48 selectively routes beam 54 to 
either receiver 50 or 52 depending on whether or not 
element 3 6 is activated. System 4 8 does not require 
element 3 6 to be at an angle compared to the path of beam 
54 as required with system 40 described with reference to 

3 5 FIGURE 6A previously. 
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The examples described in FIGURES 6A and 6B assume a 
single fixed layer and a voltage applied between the 
fixed layer 14 and the movable mirror assembly 27 to 
deform moveable mirror layer 27 towards fixed layer 14. 
5 Of course, an outer fixed layer 230 could also, or 
alternatively be implemented and a voltage applied 
between moveable mirror assembly 27 and the outer fixed 
layer 23 0 to deform moveable mirror assembly 2 7 away from 
fixed layer 14, accomplishing a similar optical effect. 

10 FIGURES 7A-7C are block diagrams showing various 2x2 

switch configurations. 

FIGURE 7A is a block diagram showing a Mach-Zender 
based switch 300 implementing optical switch elements 
such as those depicted in FIGURES 1, 3, and/or 4. Switch 

15 300 includes an interferometer 310. Interferometer 310 
may comprise, for example, a fiber or a waveguide 
Mach-Zender interferometer. Optical switch elements 312 
and 314 are coupled to interferometer 310 and receive 
incident optical signals at inputs 316 and 318, 

2 0 respectively. Depending on whether moveable mirror 

assembly 22 of each switching element 312 and 314 is in a 
deformed or a non-deformed state, optical switch elements 
312 and 314 will transmit or reflect the incident optical 
signals. In a transmissive state, output 320 of switch 
25 300 receives transmitted input 316, and output 322 
receives transmitted input 316. In a reflective mode of 
operation, output 320 receives reflected input 316 and 
output 322 receives reflected input 318. 

In another mode of operation.. a relative phase 

3 0 between the two arms of the Mach-Zender interferometer 

can be used to switch the device. For example, a 
variable relative phase between the two arms of the 
interferometer can cause constructive or destructive 
interference, resulting in either an on or an off state. 
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FIGURE 7B is a block diagram of an optical switch 
350 using a Mach-Zender structure coupled to a single 
mode fiber. Switch 350 includes optical switch elements 
352 and 354 coupled to a single mode fiber 360. In this 
5 embodiment, a Mach-Zender interferometer is implemented 
by overlapping the mode of fiber 360 with the mode of the 
fiber through switch elements 352 and 354. In operation, 
if switch elements 352 and 354 are in phase, then the 
phase pattern is symmetric and it couples to fiber 360. 

10 A phase difference of say, 180 degrees gives rise to an 
anti- symmetric mode, which prevents coupling between 
fiber 360 and switch elements 352 and/or 354. 

In a particular embodiment, a phase difference 
between switch elements 3 52 and 3 54 can be achieved by 

15 causing the moveable mirror assemblies in those elements 
deform in opposite directions. In this way, a switching 
phase difference can be achieved with minimal deformation 
of each moveable mirror assembly. This minimal 

deformation results in lower drive voltages, and faster 

2 0 operation. 

FIGURE 7C is a block diagram showing yet another 
embodiment of a 2x2 switch. Switch 400 includes an 
optical switch element 410 positioned between two 
collimating lenses 420 and 430. Lenses 420 and 430 are 

2 5 spaced from switching element 410 by approximately the 
focal length of lenses 420 and 430. Inputs 422 and 423 
are symmetrically placed slightly off axis from axis 425 
of lenses 420 and 430, respectively. When switch element 
410 is in a substantially transmissive mode, inputs 

30 received at input 422 are communicated to output 434, and 
inputs received at input 432 are communicated to output 
424. When switch element 410 is in reflective mode, 
inputs received at input 422 are reflected to output 424, 
and inputs received at input 432 are reflected to output 

35 434. 
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An NxN switch can be formed from a plurality of 2x2 
switching blocks, such as switches 300, 350 , and/or 400. 
The NxN switch could be configured, for example, as a 
crossbar switch or an N-stage planar switch. 
5 In accordance with the teaching of the present 

invention a switching element and switching systems are 
described that provide for either a substantially 
transmissive state or a less transmissive state depending 
on whether or not a movable mirror assembly is deformed 

10 relative to a fixed layer. The movement of the movable 
mirror assembly affects the interference characteristics 
of an optical cavity between the fixed layer and the 
moveable mirror assembly. In one embodiment, the 

moveable mirror assembly includes segmented strips which 

15 provide for escape gaps for air to escape from the 
optical cavity the moveable mirror assembly deforms and 
restores. The strips have a relatively low mass and can 
be placed under a pre-selected tension to derive a 
desired resonant frequency and associated switching 

20 speed. For example, the present invention facilitates 
switching speeds on the order of 10 nanoseconds, and may 
be tuned to provide switching speeds of approximately 100 
nanoseconds . 

FIGURE 8 is a block diagram of an exemplary 
25 electro-optic router 500 constructed according to the 
teachings of the present invention. Electro-optic router 
500 may include one or more optical amplifiers 510. In 
the illustrated embodiment, an optical amplifier 510 
resides at the ingress end of the router, which receives 
30 optical signals 512 ( over a communication link 520. 
Electro-optic router 500 could also or alternatively 
include optical amplifiers at the egress end of the 
router, or at various other points within the router. 
Optical amplifiers 510 compensate for losses in the 
35 signal and line rates of, for example, OC-48 and OC-192 
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or higher. In the illustrated embodiment, communication 
link 520 comprises a single mode fiber carrying, for 
example, 100 wavelengths ranging from 1500 to 1600 
nanometers and 2.5 Gb/s per channel. 
5 Optical signal 512 comprises header information 514 

and signal payload 516. Electro-optic router includes a 
fiber optic tap operable to communicate a first portion 
of optical signal 512 to a delay line 522 and a second 
portion of optical signal 512 to a demultiplexer 524. In 

10 the illustrated embodiment, demultiplexer 524 may 
comprise, for example, a wavelength grating router, 
operable to split the incoming signal into a plurality of 
wavelengths and send the plurality of wavelengths to an 
array of wavelength detectors 52 6. 

15 Electro-optic router 500 also includes an electronic 

processor 528 operable to receive optical signals from 
detectors 526, to convert the optical signals to 
electronic signals, and perform various switching, 
routing, or other processing functions on the converted 

20 electronic signals. Electronic processor 528 is further 
operable to convert processed electronic signals into 
optical signals for transmission to a switching array 
530 . 

Electro-optic router 500 further includes a 
25 demultiplexer coupled to delay line 522. In this 

embodiment, demultiplexer 53 2 comprises one or more 
wavelength grating routers. Both demultiplexer 532 and 
electronic processor 52 8 communicate with a switching 
array 530. In this example, switching array 530 

3 0 comprises an array of micromechanical optical switching 
elements, such as those described with respect to FIGURES 
1-6 . 

Switching array 53 0 receives processed optical 
header information from electronic processor 52 8 and 
35 optical payload information from delay line 522, and 
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performs various switching functions on those signals. A 
multiplexer 536 receives switched optical signals from 
switching array 53 0 and transmits switched optical 
signals 540 to other network elements. 
5 In operation, electro-optical router 500 receives a 

plurality of optical signals 512 and depending on, for 
example, the signal and line rates, may amplify those 
signals at optical amplifier 510. Fiber optic tap 518 
receives optical signals 512 and taps header information 

10 514 from optical signals 512. Header information 514 is 
passed to demultiplexer 524, while payload information 
516 is communicated to delay line 522. Delay line 522 
serves as a first-in-first-out (FIFO) buffer. The FIFO 
buffer length is set so as to provide enough time for 

15 electronic processor 528 to process the various header 
information 514. 

While payload information 516 is delayed in FIFO 
buffer 522, electronic processor 528 converts optical 
header information 514 into electronic signals, and 

2 0 performs various processing on that header information. 
After completing processing of the electronic header 
information, electronic processor 528 converts the 
electronic header information back into one or more 
optical signals and transmits those signals to switching 

2 5 array 53 0. 

Switching array 530 receives processed header 
information and unprocessed payload information 516, and 
associates the related payload and header information. 
Optical switching array 530 then switches the processed 

30 optical signals at rates ranging, for example, from 
approximately 10 to 100 nanoseconds or longer. 
Multiplexer 536 receives switched optical signals 540 
from switching array 53 0 and transmits the switched 
optical signals to other network elements. 
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By transmitting the optical payload information 
transparently to electronic processor 528, 

electro-optical router 500 advantageously facilitates 
field coding. As such, header information can be 

5 electronically processed at rates on the order of 2.5 
Gigabytes per second, while transparent optical payload 
information communicates at rates of 10 Gigabytes per 
second or higher. Electro-optic router 500 also 

facilitates parallel processing of multiple wavelength 
10 channels, increasing the speed and efficiency of the 
router. In a particular embodiment, differential logic 
such as Manchester coding can be used to compensate for 
switching contrast ratio. 

In a particular embodiment, switching array 530 
15 comprises optical switch elements that are substantially 
transmissive of optical signals while in a no-voltage 
state, and less transmissive of the optical signals when 
a voltage is applied. For example, switching array 530 
may include optical switch elements, such as those shown 

2 0 in FIGURE 1, where the air gap between the fixed layer 14 

and the movable mirror assembly 22 during a no voltage 
state is an even integer multiple of one quarter 
wavelengths of the optical signal. In this manner, the 
switch elements remain transmissive during a failed 
25 condition, creating a fault tolerant optical switching 
device . 

FIGURE 9 is a block diagram showing an exemplary 
fault tolerant network 600 constructed according to the 
teachings of the present invention. Fault tolerant 

3 0 network 600 includes a fiber core 610 comprising two or 

more edge nodes 612-616 coupled to at least one fault 
tolerant node 62 0 by communication links 618 operable to 
facilitate communication of optical signals. In this 
example, communication links 618 comprise single mode 
35 optical fibers. Communication links 618 could, however, 
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comprise another medium operable to facilitate 
transmission of optical signals comprising one or a 
plurality of wavelengths. 

In the illustrated embodiment, signals communicated 
5 through fiber core 610 pass through fault tolerant node 
620. Although the illustrated embodiment shows a single 
fault tolerant node 620, fiber core 610 could 
alternatively comprise any number of fault tolerant nodes 
coupled to one or more edge nodes and arranged in a 

10 variety of configurations. For example, multiple fault 
tolerant nodes 62 0 could be arranged in a ring 
configuration, a star configuration, or any other 
configuration suitable to route and communicate optical 
signals through fiber core 610. 

15 In this example, each of edge nodes 612-616 

comprises an access router operable to receive electrical 
and/or optical signals and to convert the electrical 
signals into optical signals for transmission over fiber 
core 610. Edge nodes 612-616 provide electronic 

2 0 buffering until the signal is ready to be placed onto the 

optical backbone 618. 

Edge nodes 612-616 may also examine header data of 
signals received from communication links 622-626 to 
identify a signal path through all or part of fiber core 
25 610 toward a destination network element coupled to fiber 
core 610. Accordingly, edge nodes 612-616 attach a 
destination address to the data and frame or encapsulate 
the data for transmission across fiber backbone 618. 
Edge nodes receiving encapsulated data at egress points 

3 0 from fiber core 610 remove the framing that was attached 

at the ingress edge node and facilitate transmission of 
the signal toward a destination external network element. 
For example, where the signal received at the ingress 
edge node was an electrical signal, egress edge node 
35 612-616 converts the optical signal received from optical 
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backbone 618 to an electrical signal for transmission 
toward a destination external network element in an 
electrical format . 

In this embodiment, fault tolerant node 620 
5 comprises an electro-optic router, such as electro-optic 
router 500 shown in FIGURE 8. In the embodiment shown 
here, fault tolerant node 620 comprises an electro-optic 
router having switch elements that are substantially 
transmissive of optical signals when no voltage is 

10 applied to the switch element. Some or all of edge nodes 
612-616 could also comprise fault tolerant circuitry 
without departing from the scope of the invention. 

In a particular embodiment, fault tolerant node 62 0 
may comprise switch elements, such as those shown in 

15 FIGURE 1, designed to provide a no-voltage air gap 
between fixed layer 14 and movable mirror layer 22 equal 
to an even integer multiple of one quarter of a 
wavelength of the optical signal. This design allows 
transmission of optical signals during a no-voltage state 

20 or during a failure state. In this way, fiber core 610 
facilitates fault tolerant operation by passing optical 
signals in the event of a node failure. 

In operation, each of edge nodes 612-616 
communicates with one or more external network elements 

25 via communication links 622-666, respectively. Ingress 
edge nodes of fiber core 610 receive electrical and/or 
optical signals from communication links 622-626, convert 
the electrical signals to optical signals, determine 
destination addresses associated with the signals, frame 

3 0 the signals appending the destination addresses to the 
signals, and route the optical signals toward an egress 
edge node of fiber core 610. 

Signals traversing fiber core 610 pass through one 
or more fault tolerant nodes 620. Each fault tolerant 

35 node 620 routes the optical signals toward the egress 
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edge node using its switching array. The switch elements 
of fault tolerant nodes 620 operate in a substantially 
transmissive state when no voltage is applied, and in a 
less transmissive state when a voltage is applied between 
5 a fixed mirror surface and a moveable mirror assembly. 
In this way, fiber core 610 operates to facilitate pass 
through operation in the event of a fault within fiber 
core 610. 

Although the present invention has been described in 
10 detail it should be understood that various changes, 
alterations, substitutions, and modifications may be made 
to the teachings described herein without departing from 
the spirit and scope of the present invention which is 
solely defined by the appended claims. 



